A method and apparatus for the detection and quantification of large fragments of unlabelled nucleic acids in agarose gels is presented. The technique is based on ultraviolet (UV) absorption by nucleotides. A deuterium source illuminates individual sample lanes of an electrophoresis gel via an array of optical fibres. As DNA bands pass through the illuminated region of the gel the amount of UV light transmitted is reduced because of absorption by the DNA. During electrophoresis the regions of DNA are detected on-line using a UV-sensitive charge coupled device (CCD). As the absorption coefficient is proportional to the mass of DNA the technique is inherently quantitative. The mass of DNA in a region of the gel is approximately proportional to the integrated signal in the corresponding section of the CCD image. This system currently has a detection limit of less than 1.25 ng compared with 2-10 ng for the most popular conventional technique, ethidium bromide (EtBr) staining. In addition the DNA sample remains in its native state. The removal of the carcinogenic dye from the detection procedure greatly reduces associated biological hazards.
Introduction
Gel electrophoresis is the standard laboratory method used to separate, identify and purify DNA fragments. Major advances have been made in the human genome project in recent years. A large part of the work to be accomplished is the creation of ordered maps of large DNA sections, or restriction fragments (from a hundred base-pairs (bp) to several hundred kilo-basepairs (kbp)). These fragments are separated by electrophoresis in agarose gels. Techniques for detecting DNA bands in electrophoresis gels include film-based autoradiography, ethidium bromide labelling and fluorophore labelling. Ethidium bromide (EtBr) staining is currently the most popular technique for detecting large fragments in gels (Sambrook et al 1989) . However, this is a time-consuming and expensive process, and does not allow for on-line monitoring of fragment separation; it is not an inherently quantitative technique.
The DNA building blocks, the nucleotides, all show well-known spectral absorption peaks in the range 260-270 nm (Kiseleva et al 1975) . This implies that DNA can be detected by UV absorption. This technique, known as UV shadowing, has previously been used for detection of nucleic acids in gels; however, experiments have resulted in detection limits of 2-3 µg (Hassur and Whitlock 1974) , 0.13 µg (Clarke et al 1982) and 2 ng (McGregor and Yeung 1992) which are no better than the limits when using EtBr. Figure 1 shows the absorption spectrum of double stranded (ds) DNA. At 260 nm, there is a clearly defined peak in the DNA absorption spectrum. At the same wavelength the buffer is almost completely transparent and the gel absorption is relatively low. UV-enhanced silicon devices such as phosphor-coated charge coupled devices (CCDs) display good UV response over a wide wavelength spectrum including at 260 nm. We have constructed and tested a CCD-based system that uses the intrinsic absorption of DNA at 260 nm to locate, identify and quantify DNA in gels. Here we show that the system, which requires no tagging of the DNA, is a factor of 10 more sensitive than ethidium bromide labelling techniques and we discuss its advantages over current technology.
DNA detection system

Introduction
The DNA detection system is shown in figure 2. The electrophoresis gel is illuminated via a 9 × 3 array of optical fibres, which are in turn illuminated by an unfiltered deuterium lamp. A corresponding array collects the light transmitted through the gel and guides it to a UV-sensitive CCD via a 260 nm filter. This structure is easily expandable to accommodate a greater number of lanes; with the CCD used currently the system could be extended to 96 lanes.
As the DNA moves down the gel, larger bands separate out and become identifiable. Further down the gel small bands tend to diffuse out making identification and quantification inaccurate. The three fibres per lane system we use overcomes this problem by detecting at more than one point in the gel using three fibres per lane. Small bands are identified at the first plane where they are sharper and large bands later; this increases the range of separation possible on one gel run which in turn reduces experimental time. Schematic diagram of the three plane-nine lane CCD DNA detection system. Three planes of 9 × 1 mm diameter fibres illuminate the gel and three planes collect the transmitted light and direct it on to the CCD. The CCD is read out into an ADC card and the data displayed in real time on the screen.
Construction details
The light source used is a CVI AS240 ultraviolet source, a cathode filament deuterium lamp with a continuous output spectrum over the range 190 to 400 nm. The lamp housing has been modified by the addition of a longer flange to the lamp. This contains a 1 diameter quartz collimation lens. The end of this flange is fitted with a Perspex fibre guide drilled with an array of holes into which the illumination fibre array is located.
The fibres are 1 mm diameter, 0.39-NA TECS hard-clad multimode fibre supplied by ThorLabs (from 3M), prepared using the ThorLabs connectorization guide. After stripping and trimming, one end of each fibre was epoxied into a standard SMA fibre connector. Both ends of the fibres were cleaved using a diamond wedge scribe, and polished on 5 µm, 3 µm and 1 µm polishing films respectively, using either a polishing disc or, in the case of the ends without connectors, by hand. After final inspection using a 100× inspection microscope the end of each fibre without a connector was inserted into the Perspex guide attached to the front of the collimated lamp. The connector end of each fibre was screwed into an aluminium plate located in front of the quartz gel plates. This could be slotted forward onto the electrophoresis plates. The collection fibres were prepared in the same way and one end was screwed into an identical aluminium plate on the opposite side of the gel plates. The other end of each collection fibre was mounted in a Perspex fibre guide which fed them onto the CCD face. A 260 nm band-pass filter (band width 8 nm, obtained from Ealing Optics) was placed between the end of the fibres and the CCD itself.
The electrophoresis unit was situated between the illumination and collection fibres. It was a standard acrylic, adjustable-height (14.5-28 cm) vertical unit supplied by Sigma-Technical. The standard glass plates were removed and replaced by duplicates made of quartz, measuring 16 cm in width and 19 cm in height. Front illuminated CCDs have poor quantum efficiency (QE) in the UV region of the optical spectrum. This occurs because the UV light is absorbed in the CCD electrode structure before it can contribute to the signal charge in the bulk of the CCD. A solution to this problem is to coat the CCD with a material such as the phosphor Lumogen, that can absorb the UV photons and emit visible photons that can be more efficiently detected by the CCD. The absorption coefficient for Lumogen exceeds 10 5 cm −1 for wavelengths around 260 nm. Absorbed UV radiation causes the phosphor coating to emit in the spectral band 500 to 650 nm (Naletto et al 1994) . An AIMO CCD05-20 with a Lumogen phosphor coating supplied by EEV Ltd was used. This CCD has a 770 (H) × 1152 (V) pixel format, with a 17.3 × 26 mm active area. The device operates at room temperature. Approximately 50% of the incident light is scattered away from the CCD leading to a UV QE of approximately 12% at 260 nm.
The CCD was mounted in an aluminium box along with the head-board and buffer-board electronics. The CCD driver board and signal read-out were housed in a separate control box. The video signal from the CCD was digitized using an ADC card installed in a Pentium PC (see below). The system-excluding the PC and the CCD control box-is contained in a 0.9 × 0.5 m × 0.4 m (l × h × w) aluminium box. This system housing is sprayed black inside to reduce reflections and has removable front and top panels for access to the components and insertion of the gel.
Electronics
The CCD was controlled and read out by a CDB01-1 driver assembly from EEV Ltd. This assembly consists of a digital board which controls the clock signals for the CCD, a buffer board which provides some pre-amplification and buffering of the video signal, a CCD head-board and an analogue CDS (correlated double sampling) processing board. The driver and read-out assembly is controlled from a graphical interface running in LabView TM on the PC. The CCD integration time was chosen such that the dynamic range of the signal was maximized. This time was found to be between 3 and 5 s, depending on alignment errors. Misalignment of fibres resulted in variation of light signals between experiments. The user chooses the time to acquire data into the program. CCD read-out details are described in MacDonald et al (1997b) . The CCD parameters are listed in table 1.
The ADC used is a WIN-3016D board supplied by United Electronics Industries, Inc. The board has an A/D resolution of 16 bits with nonlinearity quoted at < ± 1 LSB (least significant bit). The A/D full-scale input range is 0 to +5 V and it has an A/D throughput rate of 200 kHz.
Optics
As discussed above, the fibres used were 3M TECS UV fibres with an NA of 0.39. Their hard cladding gives increased fibre strength and reduced static fatigue in humid environments and also protects the fibre during stripping. In addition they are sterilizable-necessary for our application in case of buffer spills. The high numerical aperture gives efficient light coupling. At 260 nm, the attenuation is ∼1 dB m −1 and there is ∼81% transmission/m. This system used 40 cm of fibre/lane.
Approximately 10 10 photons/s enter each fibre (after filtering) and illuminate the gel. Using a 1% agarose gel, 1 mm thick, approximately 40% of these are absorbed by the gel and for a sample 5 ng ds DNA band, approximately 4% are absorbed by the DNA. These figures do not take into account scattering losses or losses at the fibre/plate and other interfaces.
Noise sources
Limits are placed on the performance of this system by noise in the components. The deuterium source has a quoted peak-to-peak ripple of <0.3% with a maximum drift of 0.1% h −1 . There are a number of noise sources within the CCD. These include dark current, reset noise, uniformity noise, output current noise and ADC noise. These were found to be negligible in comparison with those produced by the lamp and are described in detail elsewhere (MacDonald 1998).
Materials
DNA samples
Pre-prepared DNA sizing ladders were purchased from GibcoBRL. In this paper four ladders were used. The 1 kbp DNA ladder is suitable for sizing linear ds DNA fragments from 500 bp to 12 kbp. The bands of the ladder contain from 1 to 12 repeats of a 1018 bp DNA fragment (Hartley and Gregori 1981) . In addition to these 12 bands, the ladder contains vector DNA fragments that range from 75 to 1636 bp. The 1636 bp band contains 10% of the mass applied to the gel. The high DNA mass ladder is composed of an equimolar mixture of six DNA fragments of 10 000, 6000, 4000, 3000, 2000 and 1000 bp. The 10 bp DNA ladder is suitable for determining the size of ds DNA from 10 to 100 bp (Hu and Hartley 1992) . It consists of 20 10 bp repeats. When using EtBr the 10 bp and 100 bp bands appear two and three times brighter than the other bands in the ladder.
Electrophoresis gels
Gels were prepared using agarose with a gelling temperature of 36
• C (Sambrook et al 1989) . 1× TE buffer was incorporated into the gel and used as the running buffer. The 1× TE running buffer (pH 8.0) consisted of 10 mM TrisCl (pH 7.6) and 1 mM EDTA (pH 8.0). 1 mm thick, 1.0% agarose gels were prepared with 1× TE buffer, the lanes were 1 cm wide.
Ethidium bromide methods
Ethidium bromide (EtBr) is a fluorescent dye used to detect DNA in gels (Sharp et al 1973) . The dye reduces the mobility of linear DNA in gels by about 15%. EtBr contains a planar group that intercalates between stacked base pairs, extending the length of DNA molecules and making them more rigid. The fixed position of this group and its close proximity to the bases cause dye bound to DNA to display an increased fluorescent yield compared with that of dye in free solution. UV radiation at 254 nm is absorbed by the DNA and transmitted to the dye, which re-emits it at 590 nm in the red-orange region of the spectrum. The dye is usually incorporated into the gel and the electrophoresis buffer at a concentration of 0.5 µg ml −1 . However, the gel may also be run in the absence of EtBr and stained for 45 min after electrophoresis is complete. For detection of small amounts (<10 ng) of DNA, the gel may be de-stained by soaking in water for 20 min (Sambrook et al 1989) .
Results and discussion
General considerations
Spatial non-uniformities in the illumination and deformities in the gel occur in the system and will appear in the data. However, the effect of these factors on the data is not time dependent and therefore does not affect the measurement. The array of fibres incident on the CCD corresponded to an array of illuminated regions of the CCD known as 'spots'. Each spot covered an approximately circular area with a diameter of ∼40 pixels or 880 µm. The spots were separated by ∼50 pixels (1100 µm) horizontally and ∼120 pixels (2640 µm) vertically. There was negligible overlap between spots. The UV signal from each fibre was defined as the mean pixel value within a user-defined region of the corresponding spot. This signal was plotted in real time on a continuously updated graph. All signals from the 9 × 3 array of spots were displayed simultaneously.
The CCD signal varied linearly with the integration time of the CCD. This was chosen such that the brightest spot was within a few per cent of saturating the CCD, so that the full dynamic range of the device was utilized. The dynamic range of the CCD was tested by illuminating the device for varying periods of time (MacDonald et al 1997a) .
The uniformity of the signal from fibre to fibre was measured. There are non-uniformities in the fibre outputs, due to positioning and the varying quality of cuts and polishes between individual fibres. In addition, despite collimation, the deuterium lamp output varies by up to ∼18% spatially. This was measured by positioning one fibre at all array illumination points in the source and checking the corresponding light signal at the CCD.
Changes in the optical properties of the gel may occur during electrophoresis. These include fluctuations in gel fluorescence and scattering caused by artefacts in the gel and must be considered for an on-line detection system. Initially, in order to counter these effects, agarose gels were pre-run for 60 min before initiating each experiment. However, after investigation it was found that the agarose gel background was fairly stable and that the pre-running precaution was not necessary. Also of concern when working with agarose gels is the effect that Joule heating (Andrews 1988 ) may have on the transmission. During electrophoresis most of the electrical energy present is transformed into heat. Any temperature difference between sections of the gel will lead to distortions in the bands. More importantly for this application, as the agarose gel heats, it becomes less opaque and so the UV transmission through the gel increases. To reduce the amount of gel heating a 10 mM buffer was used. Thus the electrophoresis current was reduced, minimizing any change in the gel transmission. Incorporating a cooling circuit into the system would eliminate this effect.
Sensitivity
The purpose of this system was to achieve the lowest possible limit of detection (LOD) for ds DNA in agarose gels using absorption detection. Previous work has achieved limits of 2 ng (McGregor and Yeung 1992), 5 ng (Chan et al 1991) and 132 ng (Clarke et al 1982) . These studies all utilized indirect detection; our system is based on direct detection (El Rassi 1994) .
In order to study sensitivity in the system, vertical electrophoresis gels were run. Multiple lanes, each of width 1 cm, were loaded with decreasing concentrations of the three DNA ladders under test. Each lane was monitored as described above. The smallest mass band that could be identified with an S/N of >2 defined the system LOD. In 1.0% agarose gels prepared with 1× TE buffer as described above the LOD was 2.5 ng. Figure 3 shows this sample; 1 µl of the low-mass ladder. The data are plotted as signal against time, which is proportional to the distance that the band has travelled down the gel, and hence to the length of the fragments in the band (Andrews 1988) . Absorption regions in the signal represent DNA bands (from left to right) of 2.5, 5, 10, 20, 30, 50 ng corresponding to 100, 200, 400, 800, 1200 and 2000 bp respectively. The fibres have a diameter of 1 mm, the bands are 1 cm wide and 1-2 mm high, thus the light actually passes through only about one-tenth of the total sample in the band. This means that the masses sampled were only 0.25, 0.5, 1, 2, 3 and 5 ng. The use of narrower lanes is quite feasible, formed by a comb with narrower teeth, in which case more, or all, of the DNA in the lane would be sampled. Data were also obtained with 50% sample mass loaded into 0.5 cm wide lanes. This gave an LOD of 1.25 ng †. (a) Figure 6 . (a) 1 µl low-mass ladder in a horizontal EtBr gel using staining followed by destaining (raw data). 1.0% agarose gel with 1× TE buffer. These data were obtained by digitally photographing the gel under UV illumination (picture inset). LabView TM software was used to obtain a line profile over the image. Bands represent 25, 50, 100, 200, 300 and 500 ng sampled masses of ds DNA (left to right) or 100, 200, 400, 800, 1200 and 2000 bp. From the line profile data one can see that the 2000 bp band is saturated. This occurs because the CCD camera saturates for the high-luminescence bands; reducing exposure time to counter this means that the smaller bands (100 to 400 bp) are not visible. (b) The same sample separated in our system. The inset picture was created in LabView TM software in order to compare our method with EtBr results. All six bands are clearly visible.
To improve the signal to noise ratio, the data can be smoothed using a Fourier frequency algorithm with two-point smoothing. This removes the high-frequency noise components. As each band takes <1 min to pass by an optical fibre the absorption regions in the signal should not be affected by this procedure. Figure 4 shows both the smoothed and raw data for a sample of the high-mass ladder. After 65 min the six fragments in this sample were very well separated from each other and easily identifiable. However, using a sample of the 1 kbp ladder is more complex. At 5 V cm −1 , after 140 min of electrophoresis, the bands with lengths <1000 bp are well separated and identifiable. As electrophoresis progresses further the longer bands become separated until the longest band is identifiable. At the same time the smaller bands tend to diffuse out; their concentration and hence absorption signal is reduced. This decreases the S/N on the smallest bands and so they are less detectable. In order to counter this, EtBr gels are often removed from the gel tank and photographed at different points during the electrophoresis run, i.e. early for the small bands and later for the larger bands. By using our three-plane approach and detecting at multiple positions in the gel we have managed to identify from 200-12 000 bp on the same gel. It in unnecessary to remove the gel from the system at any point and all detection is on-line, in real time. 
Resolution
One consideration was to identify the minimum difference in strand length between two adjacent bands. To test the resolution of the system a 10 bp ladder was separated in a 3.0% vertical agarose gel. The 10, 20, 30, 40, 50, 60, 70 and 80 bp bands were identified, showing that the system has a resolution of at least 10 bp. Figure 5 shows the data, the 10 bp band had a mass of 16.8 ng and the mass of the other bands were 7.2 ng. Thus the fibres sampled masses of 1.7 and 0.72 ng. The large drop in the signal is caused by the sample storage buffer.
Linearity of sample quantification
A major advantage of our approach is that it allows quantification of DNA in the gel. The molar absorption of a DNA fragment is proportional to its molecular weight. The absorption coefficient, integrated over the band, is approximately proportional to the path length of light through the DNA in that band. If the thickness of the gel and the width of the lanes are constant, then the integrated absorption over the CCD pixels corresponding to one optical fibre will be approximately proportional to the mass of the band that has passed that fibre.
Figures 6(a) and (b) contain a comparison of line profiles taken using our method and using EtBr de-staining, using a fragment ladder specifically designed for quantification experiments. For each line profile an image is also shown. In order to quantify the EtBr bands they were digitized using a UV transilluminator with a CCD camera. The image for the absorption Figure 7 . Integrated signal versus mass of DNA samples for our absorbance detection method and for EtBr staining followed by destaining. Linear fit is within 2.1% for our method compared to 13.3% for EtBr method, showing that our method is much more accurate for quantification purposes.
method was obtained by using LabView TM software to display graphically the CCD pixel values recorded during the experiment. This image can be continuously updated during electrophoresis and displayed to the user alongside the graphical data. All six DNA bands are clearly visible using the absorption method. With absorption the smallest visible band is 2.5 ng of 100 bp, with an S/N of ∼2. For EtBr the smallest is 5 ng of 200 bp, with an S/N of ∼2.5. Figure 7 shows the linear relationship between DNA mass and integrated signal for the absorption method compared with an attempt to quantify the EtBr-stained bands. For EtBr the signal within each band was integrated graphically and plotted against the DNA mass in the band. For the absorption method, the line profile signal bands in figure 6(b) were integrated and plotted against mass. The UV absorption method is linear to within 2.1%; EtBr staining followed by de-staining gives a figure of 13.3%. In a sample containing double the mass, quantification was impossible using EtBr, since the exposure time required to detect the smaller bands caused the fluorescence from the larger bands to saturate the CCD camera. However, the absorption method was accurate to 1%. This plot could also be used to estimate the size of each DNA fragment (Chan et al 1991) , if one lane was used to calibrate the results against a standard. Performing quantification in this way with EtBr requires at least another 50 min to obtain and analyse the results, but no additional time is required to quantify the DNA when the absorption method is used. We have tabulated limits of detection for EtBr incorporated into the gel, EtBr staining followed by de-staining, and for our technique, in table 2. Table 2 . Comparison of the limit of detection (LOD) of double-standard DNA by UV absorption and ethidium bromide staining. Limit is determined by the number of ng by DNA contained in the faintest bands discernible. 1.0% agarose gels were used from 10 mm wide sample lanes; since the fibres only sample 1 mm of this, the actual LOD could be up to a factor of ten less than this limit. The ethidium bromide tests were performed in a conventional submarine horizontal agarose gel. 
Conclusions
This system is now ready for use in molecular biology. It is simple and reliable and has a number of advantages over the EtBr based methods of fragment identification. These are outlined below:
(a) Sensitivity: our system currently has an LOD of less than 1.25 ng. Using ethidium bromide staining followed by de-staining and long exposure times the minimum LOD is 2 ng. Future work will concentrate on reducing noise sources in the absorption system to further reduce this LOD. Ultimately, however, any absorption-based system will be fundamentally limited by the ratio of gel density to DNA density weighted by their UV extinction coefficients. (b) Native DNA: we avoid the incorporation of EtBr into the DNA. Native DNA travels through the gel ∼15% faster than DNA intercalated with EtBr (Sambrook et al 1989) .
EtBr is a cumulative mutagen; our approach does not generate any hazardous wastes and thus health risks are reduced. DNA fragments are left in their native state after separation, which simplifies recovery of DNA for further experimentation. We are currently perfecting recovery techniques. (c) Time: when using EtBr the results visualization procedure is quite complex; gels have to be removed from the electrophoresis system, excess buffer dried off, carried to the UV transilluminator (often in a separate room) and photographed. Staining with EtBr followed by de-staining can take over an hour to complete. Our approach reduces experimental time by avoiding the EtBr incorporation and by displaying results as the experiment proceeds. Real-time display means that any experimental failure will be apparent to the user immediately and this gives a further time saving. In addition, our system could use a very short gel, small bands can be run off the end of the gel after passing the fibres as the signal data will already be stored. Smaller gels are much easier to handle. (d) Quantification: we can use our system to directly and accurately quantify the mass of DNA bands in gels, using the relationship between fragment length and absorption. These data can be displayed as the experiment progresses so that the user can immediately identify bands of interests. Also, the length of fragments could be automatically calculated after the gel run is complete if the size of the original sample is known (Chan et al 1991) . (e) Versatility: the system is based around a low-noise, very reliable, CCD detector and is extremely flexible. The fibre structure is extremely versatile and can be easily altered to sample at different points in the gel. This means that the configuration could be adjusted to 'tune' it to different types of applications, looking at protein separations, PCR (polymerase chain reaction) and LCR (ligase chain reaction) in addition to restriction fragment mapping. The system could also be used to detect small oligomer fragments that cannot be EtBr stained (Chan et al 1991) .
In conclusion, we have constructed a versatile, quantitative and sensitive detector of nucleic acids, which could be supplied to many biomolecular separation processes. Further work will investigate minimizing noise sources in the system to improve the LOD. Methods for automatic removal of sample bands will also be pursued.
